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INTRODUCTION
The insertion of ␣-hydroxy acids into peptide sequences provides a method for evaluating the importance of specific hydrogen bonds in the stabilization of peptide secondary structures. The field of polypeptide stereochemistry has long been influenced by Pauling's successes in formulating ␣-helices and ␤-sheets as stable conformations for polypeptides, an insight driven largely by the recognition that cooperative hydrogen bond formation between backbone CO and NH groups is the critical element in determining the folded structures. 1, 2 How much do hydrogen bonds really contribute to the stability of the helical polypeptide structure? In the case of apolar peptides the implicit assumption is made that hydrogen bonds significantly stabilize peptide helices in poorly solvating media. As a part of a program to investigate the effect of hydrogen-bond deletion on the structure of well-characterized helical sequences, we have embarked on a systematic study of the structural characteristics of linear peptides containing a single substitution of lactic acid (Lac) for alanine (Ala) in designed peptide helices. We have previously described structures of three lactic acid containing depsipeptides of length 10, 11, and 14 residues. 3 Ohyama and coworkers have recently described the crystal structure of two depsipeptides each containing three Lac residues, of length 11 and 15 residues. 4, 5 In this report, we describe the crystal structure of 11 and 14 residue peptides, containing a centrally positioned Lac residue and also the structure of an all amide analog of peptide. Structures are reported for the following sequences:
Boc-Val-Val-Ala-Leu-Val-Lac-Leu-Aib-ValAla-Leu-OMe (1) Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-ValAla-Leu-OMe (2) Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-Val-LacLeu-Aib-Val-Ala-Leu-OMe (3) A comparison with the other reported depsipeptide helices is presented. The results suggest that the replacement of an amide NH group by an ester oxygen atom in the center of the peptide helix can be tolerated with the minor adjustment of the 3 10 /␣-helical hydrogen bond pattern near the site of replacement.
EXPERIMENTAL PROCEDURE
Peptides 1-3 were synthesized by conventional solution phase methods by using a fragment condensation strategy. The tbutyloxycarbonyl (Boc) group was used for N-terminal protection and the C-terminus was protected as a methyl ester. Deprotections were performed using 98% formic acid or saponification for N-and C-terminus, respectively. Couplings were mediated by dicyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/HOBt), and in case of coupling involving the hydroxy group of lactic acid (for ester formation), DCC and dimethylaminopyridine (DMAP) were employed. 3 The final peptides were purified by reverse phase, medium pressure chromatography (MPLC) (C 18 , 40-60 ) and by high performance liquid chromatography (HPLC) on a reverse phase C 18 column (5-10 , 7.8 ϫ 250 mm) using methanol-water gradients. The purified peptides were characterized by electrospray mass spectrometry on a Hewlett-Packard HP-1100 LC-MSD mass spectrometer and were fully characterized by 500 MHz 1 H NMR.
X-ray Diffraction
Crystals of peptides 1-3 were grown by slow evaporation of the solutions of the peptides in acetoni- trile/water (for peptide 1), and isoproponal/water (for peptides 2 and 3), respectively. X-ray diffraction data for the peptide crystals were collected at room temperature, 21°C, on an automated fourcircle diffractometer with CuK ␣ ( ϭ 1.5418 Å ) radiation. Unit cell parameters were obtained and refined by least-squares fit of the angular setting of 25 accurately determined reflections in the range 0°Ͻ Ͻ 25°. Intensity data were collected up to 2 ϭ 136°for peptide 1 and 130°for peptides 2 and 3 using -2 scans, with variable speed. Diffraction quality was much poorer for 3 as compared to 1 and 2. Two reflections used as standards, monitored every hour, remain constant within 3%. Lorentz, polarization, and absorption corrections were applied ( ϭ 0.68 mm Ϫ1 for peptide 1, ϭ 0.63 mm Ϫ1 for peptide 2, and ϭ 0.68 mm Ϫ1 for peptide 3).
Structure Solution and Refinement
The structures of peptides 1 and 2 were determined by direct phase determination method using SHELXS-97. 6 For peptide 3, we used the Shake-and-Bake method, which uses Minimal-Function Phase Refinement and Fourier filtering procedure. 7 This gave a fragment containing 81 atoms. Remaining atoms were located from difference Fourier maps. Refinement for all the three structures were carried out with a full matrix anisotropic least-squares method using SHELXL-97. 8 The hydrogen atoms were fixed geometrically in the idealized position, and refined as riding over the heavier atom to which they were bonded. The final R factor was 6.15% (wR 2 ϭ 16.46%) for peptide 1, 4.3% (wR 2 ϭ 11.19%) for peptide 2, and 10.34% (wR 2 ϭ 27.87%) for peptide 3. All the relevant crystallographic data collection pa- rameters and structure refinement details for the three peptides are summarized in Table I . Table II and hydrogenbond parameters in Table III . In view of the extended discussion in the literature on 3 10 -and ␣-helices in peptides, 9 -13 we have provided the parameters for both 431 and 531 interactions in the cases of all the molecules reported, to facilitate the choice between various hydrogen-bonding possibilities. 14 -19 Inspection of the potential hydrogen-bonding pattern in Table III suggests that residues 1-4 form a 3 10 -helical segment, stabilized by three successive 431 hydrogen bonds. The segment spanning residues 5-7 is better described as a part of an ␣-helical turn, with two successive 531 hydrogen bonds [N(7) . . . O (3) and N(8) . . . O(4)]. The polypeptide chain tightens again to a 3 10 -helical segment for residues 8 -10, with two successive 431 hydrogen bonds [N(10) . . . O (7) and N(11) . . . O (8) ].
RESULTS

Structure of Peptide
The aggregation of helices into infinite columns is unexceptional with molecules in a column stabilized by head-to-tail hydrogen bonding, between exposed NH and CO groups. 19 -21 There is a lone water molecule providing an additional intermolecular hydrogen bond. Within the crystal helical columns run parallel and antiparallel in pairs (_+_) as indicated by the arrows in the Figure 2a . Figure 3a A view of the molecular conformation in crystals is shown in Figure 1b . The relevant torsion angles and potential hydrogen-bond parameters are listed in Tables IV and V, respectively. The peptide backbone adopts an almost perfect ␣-helical conformation with eight successive 531 hydrogen bonds (Table V) . The helices in crystals are packed in parallel fashion as indicated by arrows in Figure 2b , with as many as three water molecules entrapped. Figure 3b shows a view of the intermolecular hydrogen-bond network mediated by water molecules.
Structure of Peptide 3
(Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-ValLac-Leu-Aib-Val-Ala-Leu-OMe) Figure 4a shows the molecular conformation of the peptide in crystals. The relevant torsion angles and potential hydrogen bond parameters are listed in Tables VI and VII, respectively. The structure appears to be predominately ␣-helical, with seven 531 hydro- Table II Table II .
gen bonds (Table VII) Figure 4b . Three water sites are observed in crystals in the interhelical space between the head and tail regions of the adjacent helical column. There are two water sites O1w and O2w, both of which show half occupancy. The proximity of the sites precludes the simultaneous occupation of both positions. Interestingly, a water molecule (O3w) is observed in the space between the adjacent columns, which forms a hydrogen bonded link between O(6) of Ala(6) CO and O(4) of Aib(4)CO of symmetry-related molecules. The entrapment of water in the hydrophobic spaces between adjacent helical columns is a relatively rare occurrence. 24 -27 The presence of a Lac residue at position 9 presumably results in perturbation of hydrogenbond patterns facilitating backbone hydration in the middle of the helix. Figure 5 shows the water-mediated intermolecular hydrogen-bonding patterns.
DISCUSSION
The determination of the crystal structures of peptides 1-3 provides an opportunity for comparing the effect of Lac residue incorporation into peptide helices and the effect of positioning of the residue along the sequence. A comparison of these structures with the structures of three lactic acid containing helices 4 -6 reported earlier 3 is presented below. For the purpose of the present analysis, the peptides may be divided into two groups.
In the first group all the four peptides are 10 -11 residues in length with peptides 1, 4, and 5 containing lactic acid at position 6. Peptide 2 is the analog of peptide 5 in which the Lac(6) residue is replaced by an Ala residue (Peptide 2 is the amide analog of depsipeptide 5). The two 14-residue peptides 3 and 6 differ only in the position of Lac residue. In peptide 3 the Lac residue is at position 9 in the potential helical segment. In peptide 6 the Lac residue is at position 13, the C-terminus of the helix.
Effect of Lac Residues in the Center of Helical Segments
Peptide 1 and 3-5 provide examples of Lac residues accommodated comfortably into the helical peptide segment, without major distortion. Figure 6 illustrates the environment of the Lac residue in five examples where it is located in the interior of the helix (note in peptide 5 there are two independent molecules in the asymmetric unit). For comparison, a corresponding environment of Ala (6) Thus, there is very little difference locally at the site of lactic acid insertion with the oxygen atom of the hydroxy acid comfortably accommodated in place of the NH group within the body of peptide helix. Similar observations have been made in the case of two depsipeptides [Boc-(Leu-Leu-Lac) 3 -Leu-LeuOEt 5 and Boc-(Leu-Leu-Ala) 2 -(Leu-Leu-Lac) ] in which the former contains three lactic acid and the later contains two lactic acid residues. The reported C¢O . . . O distances in the 11-residue peptide are 3.47 and 3.24 Å , while in the 15-residue peptide the corresponding distances are 3.81 and 3.87 Å . It is noteworthy that in both peptides containing multiple Lac residues the reported O . . . O distances are significantly greater although the overall helical fold is not perturbed.
The most significant effect of lactic acid insertion appear to be a readjustment in the 3 10 /␣-helical hydrogen-bonding patterns found in helical peptides. In retrospect, it is not surprising that peptide helices are able to accommodate the loss of a potential hydrogen bond by minor readjustment to allow a transition between 531 and 431 interactions, and also by bifurcation of hydrogen-bond interactions.
A comparison of the 14-residue peptides 3 and 6 ( Figure 7) suggests that the Lac positioning may be used to facilitate helix termination in designed sequences. While Lac(9) is comfortably accommodated into a helical segment in peptide 3, Lac(13) in peptide 6 lies outside the helix. Notably, in the structure of peptide 6 there is an achiral Aib residue located at position 11. The loss of the hydrogen-bonding NH group at position 13 in a potentially continuous helix appears to be sufficient to induce the energetically accessible left-handed helical conformation (␣ L ) at Aib11. This in turn provides helix termination in a Schellman motif stabilized by a strong 631 hydrogen bond.
CONCLUSIONS
The structure determination of two peptide helices containing a single internal Lac residue and the all- amide analog of a previously determined depsipeptide has provided an opportunity to examine the structural consequences of replacing an NH group by an oxygen atom in helical peptides. The substitution of an ␣-amino acid by a ␣-hydroxy acid is isosteric. The observation of helical peptide folds accommodating Lac residues in internal positions of a helix in as many as six independent structures, including two determined in the present study, suggests that deletion of a single hydrogen bond can be easily compensated by readjustments of the backbone, resulting in local transition between 431 and 531 interactions. The short C¢O . . . O distances of 2.8 -3.3 Å observed in all cases of single lactic acid containing peptides suggests that proximity between two oxygen atoms is not a major destabilizing factor. The example of the 14 residue peptides 3 and 6, suggests that the placement of lactic acid at the C-terminal end of the helices may provide a signal for termination, particularly an achiral residue capable of adopting left-handed ␣-helical conformation is positioned two residue ahead of Lac residue. Indeed, a similar pattern has been observed for the hydrogen-bond interrupting Pro residue in proteins, where the actual site of helix termination occurs at two residues preceding proline. 28 Interestingly, the comparison of depsipeptide 5 and its all-amide analog peptide 2 reveals that the oxygen atom of the Lac(6) hydroxyl group in 5 sits snugly in a position similar to that of the corresponding NH group in peptide 2.
